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SUMMARY 

Due to the thermal expansion coefficient mismatch (CTE) between the fiber 
and the matrix, high residual stresses exist in metal matrix composite systems 
upon cool down from processing temperature to room temperature. An interface 
material can be placed between the fiber and the matrix to reduce the high 
tensile residual stresses in the matrix. A computer program was written to 
minimize the residual stress in the matrix subject to the interface material 
properties. The decision variables are the interface modulus, thickness and 
thermal expansion coefficient. The properties of the interface material are 
optimized such that the average distortion energy in the matrix and the inter- 
face is minimized. As a result, the only active variable is the thermal expan- 
sion coefficient. The optimum modulus of the Interface is always the minimum 
allowable value and the interface thickness is always the maximum allowable 
value, independent of the fiber/matrix system. The optimum interface thermal 
expansion coefficient is always between the values of the fiber and the matrix. 
Using this analysis, a survey of materials was conducted for use as fiber coat- 
ings in some specific composite systems. The number of coating possibilities 
whose modulus and CTE fit the optimized values were limited. In order to 
increase the number of possible coating materials, elements with less than 
optimum modulus and CTE were examined. The residual stress state in the matrix 
and coating were calculated for these materials. 


INTRODUCTION 

Metal matrix composites are presently being considered for aerospace appli- 
cations due to their attractive high strength to low density ratio (ref. 1). 

The fiber system is usually a ceramic material with a high elastic modulus and 
low thermal expansion coefficient. The matrix system is an i ntermetal 1 i c with 
a low elastic modulus and high thermal expansion coefficient. During the manu- 
facturing process of the composite, high complex residual stresses are intro- 
duced in each of the constituents (refs. 2 and 4) due to the thermal expansion 
mismatch. This has been found to cause cracking in some composites, especially 
those with brittle matrices (ref. 2). Using a simple two cylinder model to 
approximate the micromechanical behavior of a fiber/matrix system, Harris 
(ref. 3) has determined that the fiber is under a compressive state of stress, 
while the longitudinal and hoop stresses of the matrix are tensile and the 
radial stress is compressive. The tensile residual stresses are the cause of 
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the observed matrix cracking. Others have shown that the state of stress 
around the fiber Is more complex making the radial stresses around the fiber 
oscillate between tension and compression depending on the fiber packing 
sequence (ref. 3). Although acknowledged, the effect of the neighboring fib- 
ers will not be considered In the present analysis. 

The approach taken for the stress analysis in the present study is based 
on a three cylinder model (ref. 5), isolating one fiber with a layer of inter- 
face material and another layer of matrix material (fig. 1). The analysis con- 
siders only the residual stresses due to one cool down cycle. The analysis is 
limited to an elastic solution as a first approximation and It Is assumed that 
each of the constituents are Isotropic. For simplicity, the variation of mate- 
rial properties with temperature is not considered In the present study. In 
terms of the stress analysis, the longitudinal stresses are decoupled from the 
transverse stresses. 

The objective of this paper Is to define the properties of an Interfacial 
layer necessary to minimize the local tensile residual stresses In the matrix 
thereby reducing the tendency towards cracking. This Is accomplished by Intro- 
ducing an interfacial layer between the fiber and the matrix. The objective 
function of the minimization process is chosen to be the average distortion 
energy In the matrix and the Interface. The decision variables are the elas- 
tic modulus, thermal expansion coefficient, and thickness of the interface 
layer. The dlstortlonal energy of the fiber is not included in the minimiza- 
tion function for the following two reasons: first, the fibers considered In 
this analysis are brittle ceramics, thus the dlstortlonal energy is not the 
corresponding failure criteria, and second the determined stresses In the 
fiber are compressive and the compressive strength of ceramics is very high. 


STRESS ANALYSIS 


The stress analysis is based on the self consistent method where a single 
fiber Is assumed to be embedded In concentric cylinders of Interface and 
matrix materials (fig. 1). The radii of the cylinders correspond to the vol- 
ume fractions of each constituent In the original composite. In this analysis 
the longitudinal stresses are decoupled from the transverse stresses. The lon- 
gitudinal stresses In each constituent, after a temperature drop of AT and 
assuming an Isostrain in the z-dlrectlon, are given by: 

°z = E j (a a " a j> AT (1) 

where Ej and aj are the modulus and the thermal expansion coefficient 
respectively of constituent j (l.e., fiber (f). Interface (1), and matrix 
(m>), AT is the change in temperature from processing to room temperature, 

<x& Is the effective longitudinal thermal expansion coefficient of the compos- 
ite and can be approximated by: 


a a " 


'v-a f E f + v.a.E. + v a E ' 
r r r 111 m m m 


v„E f + V.E. + v E 
f f 1 i mm 


( 2 ) 


where the v j ' s are the volume fraction of the constituents. 
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The transverse radial and hoop stresses are derived from the superposi- 
tion of the thermal stresses and the confining pressures applied to each cylin- 
der. The radial displacement (U r ) relations for each of the constituents are 
given by the free expansion, the polsson's effect of the longitudinal stresses 
and the confining pressure between two materials 
(ref. 6): 
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where r Is the radial distance measured from the center of the fiber, and 
a, b and c are the radii of the fiber, the outer Interface and the outer 
matrix, respectively, and Is the confining pressure between the fiber and 
the Interface, and p 0 Is the confining pressure between the Interface and 
the matrix, and vj Is the polsson's ratio of constituent j. 

The confining pressures can be determined In terms of the material proper- 
ties and the dimensions of the constituents, by satisfying the continuity of 
the radial displacement at material boundaries, which are given by: 
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a Is the fiber/interface boundary and r 


( 6 ) 
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b Is Interface/matrix 


Solving for the unknown pressures, a system of two simultaneous equations 
are derived and given by: 



( 8 ) 
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The residual radial and hoop stresses can now be solved for by using the 
elastic solution of thick cylinders under confining pressures (ref. 6). The 
stresses are given here for completeness In terms of the solution of 
equation 8: 
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where a rr Is the radial stress and oqq Is the tangential stress In a given 
constituent cylinder. 

After cool down to room temperature, AT Is defined as the difference 
between room and processing temperature and It will be negative. Given that 
Pi Is positive, the radial and hoop stresses of the fiber are compressive and 
the longitudinal stresses are also compressive from equation 1 given that AT 
Is negative and aj, Is greater than af. For the matrix, given that p 0 Is 
positive, the radial stress Is compressive while the hoop stress Is tensile. 
The longitudinal stress In the matrix Is also tensile since aj, Is less than 
an,. These tensile hoop and longitudinal stresses are the cause of radial and 
transverse matrix cracking observed In some composite systems. 


MINIMIZATION FUNCTION 


To minimize the local tensile stresses In the matrix, an Interface layer 
Is placed between the fiber and the matrix. The decision variables of the 
Interface material are the modulus of elasticity E^ , the thermal expansion 
coefficient at , and the Interface layer thickness t. The Poisson's ratio of 
the Interface Is assumed to be a constant value equal to 0.3. The objective 
function Is assumed first to be the distortion energy In the matrix as governed 
by all the stress components of the matrix. The choice of the distortion 
energy as the minimization function Is justified because of the matrix ductility 
and the restriction of the optimization to a single objective function. There- 
fore, the objective function can be written In terms of the stresses In the 
matrix as (ref. 6): 
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Initial analysis has shown that by considering only the minimization of 
the matrix distortion energy, high relative stresses in the fiber and interface 
are observed. The resulting high compressive stresses in the fiber could be 
tolerated If the fiber system is a brittle ceramic with very high compressive 
strength. On the other hand, the high tensile hoop stress in the interface 
cannot be tolerated. Therefore, the objective function was modified to include 
the distortion energy of the interface. The final objective function used to 
minimize the residual stresses in the matrix was taken to be the distortion 
energy in the matrix plus the distortion energy in the interface divided by the 
total volume of the matrix and Interface: 
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Objective function 


f(E r a,, t) 
minimize 

subject to: 
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where superscripts ub and Lb stand for the upper and lower bound, respec- 
tively. The constraints on the decision variables are required to guarantee a 
realistic solution which must fall into the range of typical material proper- 
ties. The range of the interface modulus is assumed to be between 69 and 
517 GPa. The lower and upper bound of the interface thermal expansion coeffi- 
cient is 4x1 0 -6 1/ 9 C and 20xl0 -6 1/°C, respectively. The thickness, t has 
zero as a lower bound and an arbitrary upper bound as will be seen next in the 
application section. 


APPLICATIONS AND RESULTS 

A computer program was written to minimize the average distortion energy 
in the matrix and the interface. The minimization routine (from the IMSL 
library) (ref. 7) uses the Quasi-Newton Iteration method from given starting 
points. Twenty different initial sets of points are used to guarantee conver- 
gence to a global minimum. The first run consisted of a single fiber system 
and a variance of matrix properties with a temperature drop of -800 °C. The 
upper and lower bound of the Interface modulus is taken to be 69 and 517 GPa, 
respectively, corresponding to the modulus of materials ranging from aluminum 
to carbon. The minimization shows that the optimum elastic modulus is con- 
trolled by the lower bound, taken to be 69 GPa (10 Msi). The optimum interface 
thickness always reaches the upper bound at the global minimum. Therefore, 
two different upper bound thicknesses are considered. In case 1 the 
ratio (t/d) of the upper bound thickness to the fiber diameter is 0.12 and for 
case 2, t/d = 0.20. For a fiber diameter of 145 jam (typical of the majority 
of fibers used in today's MMC's), this translates to Interface thicknesses of 
17.4 and 29 urn, typical of standard coating thicknesses. Figures 2 and 3 show 
the variation of the optimum interface thermal expansion coefficient as a func- 
tion of the matrix material properties for t/d = 0.12 and t/d = 0.20, respec- 
tively. The selected fiber is SIC, the most common reinforcement fiber for 
today's MMC's, having an elastic modulus Ef = 427.5 GPa and a thermal expan- 
sion coefficient af = 4.9x10 -6 1/°C. The initial fiber volume fraction is 
0.4. For this analysis, the matrix volume fraction is kept constant at 0.6. 

The optimum interface thermal expansion coefficient increases with increasing 
matrix modulus and matrix thermal expansion coefficient. A greater interface 
thickness also results in an increase of the optimum interface thermal expan- 
sion coefficient. The effect of the Interface layer on the distortion energy 
(i.e., the objective function) is considered by comparing figures 4 to 6 
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for different matrix thermal expansion coefficients. The reduction in the dis- 
tortion energy relative to a composite without an interface is in the range of 
30 to 40 percent with t/d = 0.12, and for t/d = 0.20 this reduction range 
is 44 to 72 percent. The specific value of the reduction for a given t/d 
depends on the matrix material properties. The effect of the interface layer 
on the actual stress components is limited to only a set of candidate composite 
systems as seen next. 

The remainder of this study dealt with finding the optimum interface layer 
properties for some candidate matrix (T1-15-3, TI 3 AI, N 1 A 1 ) and fiber (SIC, 

T 1 B 2 > systems. Table I summarizes the assumed material properties of the two 
fiber systems (SiC and TIB 2 ) and the three metal matrix systems(Ti-15-3, Ti 3 A 1 
and N1A1) used. In table I, E is the room temperature elastic modulus. The 
thermal expansion coefficient was approximated by taking the slope of the 
experimental strain versus temperature curve using the end points. The temper- 
ature change assumed was -800 C which is the difference between room tempera- 
ture and half the melting temperature of the various matrix materials. The 
selection of half the melting temperature as the upper limit is prompted from 
the assumption that above one half the melting temperature the residual stresses 
will be relieved due to creep or annealing (ref. 8 ). The optimum thermal 
expansion coefficients of the interface layer for the above composite systems 
are shown in table II for two interface thicknesses. When the modulus of elas- 
ticity of the matrix is close to the optimum Interface modulus (69 GPa) (e.g., 

Ti -1 5-3 or TI 3 AI), the Interface thermal expansion coefficient can be approxi- 
mated as the average of the thermal coefficients of the matrix and the fiber. 
When the modulus of elasticity of the matrix is higher than the interface 
(e.g., for N1A1), the optimum thermal expansion coefficient of the interface 
tends toward the matrix value. 

The effect of the optimum interface on the maximum stresses in the matrix 
are shown in table III for r = b. The percent drop of the stress in the 
matrix is generally largest for the NiAl matrix system and smallest for TI 3 AI. 

To combine all the stress components, the maximum effective stress in the 
matrix based on the Von-Mises (distortion energy) criterion is shown in 
table 4 with and without the interface. The effective stress in the matrix 
decreases as the Interface thickness (t/d) increases. For the NiAl matrix sys- 
tem, the effective stress Is decreased well below the yield stress of the mate- 
rial when an interface layer with thickness t/d = 0.2 is introduced, thus 
indicating the benefit of this coating. Also, it should be emphasized that 
TIB 2 offers a large reduction in residual stresses compared to SiC (tables III 
and IV) for all of the matrix materials investigated. For the T i 3 A 1 matrix, 
this reduction is sufficient to reduce the effective stress of the matrix 
below the yield point. The effective stresses in the Interface are also shown 
in table V for comparison at two locations: at r = a and r = b. Contrary 

to what is suggested in reference 9, the state of stress in the interface is 
not under hydrostatic compression since the effective stress based on the Von- 
Mises criterion Is not zero. Although the optimized interface decreases the 
effective stresses in the matrix, the compressive stresses in the fiber are 
increased with increasing Interface thickness. However, the maximum compres- 
sive stress calculated after optimization was still below the fiber compressive 
strength for all the composite systems analyzed. 

The variation of the effective longitudinal and transverse moduli of the 
composite is shown in table VI. The effective moduli of the composite are 
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determined from a one-dimensional theory of elasticity with constant displace- 
ment and constant force for the longitudinal and transverse modulus respec- 
tively. The effect of the low modulus Interface layer Is to decrease the 
effective modulus of the composite as seen In table VI. Therefore, an opti- 
mally designed Interface layer can reduce the deleterious tensile residual 
stresses In the matrix of a metal matrix composite system. The main motiva- 
tion for reducing the residual stresses In the matrix Is to avoid matrix crack- 
ing upon cool-down from processing temperature to room temperature therefore 
reducing the number of Initial flaws which In turn should Increase the fatigue 
life of the metal matrix composites. In practice, the choice of an appropri- 
ate coating material Is difficult due to the limited number of possibilities 
as Is described below. 

A variety of elements and compounds were surveyed for use as possible 
coating materials. These materials are listed In table VII, together with 
their CTE, and modulus. Since exposure to high temperatures and weight reduc- 
tion are Important factors In choosing high temperature materials, the melting 
temperatures and density have also been Included In table VII for completeness. 
The desired coating properties for any of the composite systems required a low 
modulus (~69 GPa) and a CTE as listed In table II. Only the thicker coating 
(l.e., t/d = 0.20) Is considered In the remaining discussion. For use with the 
three matrix materials and the two fibers, only six possible materials from 
table VII had elastic moduli ~69 GPa (l.e., actual range of 57 to 80 GPa) and 
these are given In table VIII. Since the number Is small, the first group of 
coating materials In table VIII also Includes those materials with moduli up 
to 103 GPa, which doubles the possible number of coating materials. Based on 
their CTE, the possible coating systems were chosen from this table for each 
composite system. Those materials Indicated with a "x" are the best choices 
for use as a coating, those marked with a dash are less than optimum possibili- 
ties, but may still be usable. The criteria for determining best choices or 
less than optimum choices are as follows: 

(1) Only materials having moduli <103 GPa can qualify as best choices. 
Materials having larger moduli were classified as less than optimum. 

(2) Best choices had CTE values within ±2x10 ~ 6 1/°C of the optimized 
values. 

(3) Less than optimum choices had CTE values at the optimized CTE value 
±3x1 0 " 6 1/°C. 

Based on these selection criteria, the following two points were observed: 

(1) The best candidates for coatings are generally metals. Ceramics/ 
Intermetallics are not appropriate as coating materials due to their extremely 
high moduli. Silicon Nitride and TI 3 AI are exceptions. 

(2) There are a limited number of coating possibilities which satisfy the 
modulus and CTE requirements. 

To Increase the number of possible coating candidates, materials having 
moduli between 103 and 207 GPa are also given in table VIII. These materials 
were again selected based on the proximity of their CTE to the optimum value 
given in table II. Note that these are less than optimum choices since their 
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moduli are higher. Analysis has shown (table IX) that the optimum CTE for 
coating materials with moduli of 138 and 207 GPa does not vary much from that 
of materials with a modulus of 69 GPa (compare table IX with table II). How- 
ever, there is an Increase In the matrix stress, as observed In table X, when 

using coatings with a higher than optimum modulus. The Increase appears to be 
minimal for the T1-15-3 and TI 3 AI matrix systems, but Is significant for the 
N1A1 system: a manifestation of the higher modulus and CTE of N1A1. 

The ultimate selection of the fiber coating will also depend on its chemi- 
cal compatibility with both the fiber and the matrix. The small choice of 

coating materials listed In table VII will be reduced to an even smaller number 

when chemical compatibility Is taken Into account. Therefore, to Increase the 
possible number of coatings, nonoptlmized materials were also examined for use 
In the S1C/N1A1 composite, since this composite shows the largest benefit from 
the use of a compliant coating. A variety of coating elements are given In 
table XI along with the effective stress In the matrix and the Interface. The 
optimum coating for the S1C/N1A1 system Is Au, yielding the lowest effective 
stresses In both the matrix and the coating. Other coatings (e.g., Cu, Co) 
will reduce the matrix effective stress to a lower value than the stress which 
Is obtained when an optimized modulus and CTE for the Interface are used, but 
have the disadvantage that the coating stress will greatly Increase. The high 
effective stress In the coating could lead to fiber/matrix debonding, although 
the actual effects of such a high stress In the coating are unknown. 

Experimental work Is needed to determine In which constituents the stresses 
should be kept minimal. Table XI also Indicates that the optimum coating mate- 
rials are not intuitively obvious based solely on having a CTE between that of 
the fiber and the matrix. For example, Pt has a CTE halfway between that of 
the fiber and the matrix, yet yields very high effective stresses in the matrix. 
This Indicates the important relationship between the modulus and the CTE. 


CONCLUSIONS 

An analysis was performed to determine the optimum Interface material 
properties required to reduce the tensile residual stresses in a given metal 
matrix composite system. The objective was to study the concept of a compli- 
ant layer to minimize the tensile residual stresses In the matrix upon cool 
down from processing to room temperature. Based on the elastic isotropic 
analysis of a three cylinder model with constituent properties assumed to be 
temperature Independent and the longitudinal stresses decoupled from the trans- 
verse stresses, the following points were concluded: 

1. A well designed Interface layer can reduce the tensile residual 
stresses In a metal matrix composite system. 

2 . To reduce the residual stresses In the matrix, the average distortion 
energy in the matrix and the Interface was minimized. 

3. The optimum Interface thickness was always at the given upper bound 
for this particular objective function. 

4. The optimum interface modulus was always at the lower bound for this 
particular objective function. 
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5. For a given fiber system, the optimum Interface thermal expansion 
coefficient Increases with Increasing matrix modulus and thermal expansion 
coefficient. 

6 . For low matrix elastic modulus the optimum thermal expansion coeffi- 
cient can be approximated by the average thermal expansion coefficient of the 
matrix and fiber. 

7. For high matrix modulus, the optimum thermal expansion coefficient of 
the Interface approaches the matrix value. 

8 . The effect of the low modulus optimum Interface Is to decrease the 
effective modulus of the composite. 

9. From a variety of materials, coating selections were made to reduce 
the residual stresses In the matrix and coating for composites containing the 
fiber constituents TIB 2 and SIC and matrix constituents T1-15-3, TI 3 AI and 
N1A1 . 


10. Selection of TIB 2 fibers over SIC fibers results In significantly 
lower effective stresses In the matrix for all the matrix materials studied 
herein . 
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TABLE I. - ASSUMED CONSTITUENT PROPERTIES 
[Numbers in parentheses indicate references.] 


Fiber 

SiC<W 

Ti B 2 

E, GPa 
a, 1/°C 

427.5 

4.9xl0" 6 

365. 4<^ 
8.0x10 -6 ( 14 > 


Matrix 

Ti-15-3 

Ti 

NiAl 

E, GPa 

°y i el d * MPa 
a, 1/°C 

100.0 (11) 

834.3 (11) 

8.5xl0 _6 < 10) 

75.2 
379.2 
1 1 . 7xl0“ 6 

237.2< 16 > 

1765.1 

15.6x10“ 6(17) 
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TABLE II. - OPTIMUM THERMAL EXPANSION 
COEFFICIENT OF THE INTERFACE 
AFTER MINIMIZATION 


Composi te 
system 

t/d 

0.12 

0.20 

Matrix 

Fiber 

c^, 1/°C 

Ti-15-3 

SiC 

TiB 2 

6.8xl0“ 6 

8.3 

7.1xl0“ 6 

8.3 

Ti 3 Al 

SiC 

TiB 2 

7.9xl0 -6 

9.7 

8.4x1 0“® 
10.0 

Ni AT 

SiC 
Ti B 2 

14.1xl0 -6 

14.7 

14.6x10-^ 

15.0 


TABLE III. - MAXIMUM MATRIX STRESSES AT THE INNER RADIUS (r = b) in MPa 


[Numbers in parentheses indicate percent drop as compared to no interface.] 



t/d 

Matrix 



Ti- 

15-3 

Ti 3 Al 

NiAl 



Fi ber 



SiC 

TiB 2 

SiC 

T i B 2 

SiC 

T i B 2 

(fongi- 

0.00 

213( — ) 

mm ■ 

324 ( — ) 

1 70( — ) 

1 108( — ) 

731 ( — ) 

.12 

184(14) 


287(11) 

149(12) 

868(22) 

562(23) 

tudinal ) 

.20 

166(22) 

EH 

263(19) 

135(21) 

739(33) 

474(35) 

(tangen- 

0.00 

324( — ) 

69(— ) 

461( — ) 

242 (—) 

2055( — ) 

1 392 ( — ) 

.12 

242(25) 

33(52) 

367(20) 

196(19) 

1277(38) 

883(37) 

tial ) 

.20 

207(36) 

28(59) 

322(30) 

171(29) 

987(52) 

681(51) 

°rr 

0.00 

— 1 40 ( — ) 

MBBM 

-1 98( — ) 

— 1 03 ( — ) 

-881 (—) 

— 596< — ) 

(radial) 

.12 

-104(26) 

1BI 

-157(21) 

-84(18) 

-547(38) 

-378(37) 


.20 

-89(36) 

nil 

-138(30) 

-73(29) 

-423(52) 

-292(51) 
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TABLE IV. - MAXIMUM EFFECTIVE STRESS (at r = b) IN THE 
MATRIX (IN MPa) BASED ON THE VON-MISES CRITERION 


[Numbers in parenthesis indicate percent drop 
as compared to no interface.] 


Composi te 
system 

t/d 

°yi el d * 
MPa 

Matrix 

Fi ber 

0.0 

0.12 

0.20 


Ti-15-3 

SiC 

422 

321(24) 

277(34) 

834 


TiB 2 

86 

43(50) 

37(57) 

834 

Ti 3 Al 

SiC 

602 

490(19) 

434(28) 

379 


Ti B 2 

315 

260(17) 

229(27) 

379 

NiAl 

SiC 

2595 

1655(36) 

1304(50) 

IB 


Ti B 2 

1754 

1135(35) 

888(49) 

Wm 


TABLE V. - EFFECTIVE STRESS (IN MPa) AT TWO LOCATIONS IN 
THE INTERFACE (AT THE FIBER/COATING INTERFACE, r = a 
AND AT THE COATING/MATRIX INTERFACE, r = b) 

BASED ON THE VON-MISES CRITERION 


Composi te 
system 

t/d 

0 . 

12 

0.20 

Matrix 

Fiber 

r = a 

r = b 

r = a 

r = b 

Ti-15-3 

SiC 

199 

139 

215 

123 


Ti B 2 

28 

19 

30 

17 

Ti 3 Al 

SiC 

306 

214 

340 

194 


Ti B 2 

169 

117 

188 

105 

NiAl 

SiC 

995 

705 

979 

566 


T i B 2 

: 695 

489 

684 

391 


TABLE VI. - EFFECTIVE ELASTIC LONGITUDINAL AND TRANSVERSE MODULI 
IN GPa IN THE COMPOSITE WITH AND WITHOUT INTERFACE 


[Numbers in parenthesis indicate percent drop 
as compared to no interface.] 


Composi te 
system 

t/d 

0.00 

0.12 

0.20 

Matri x 

Fi ber 


ET 

EL 

ET 

EL 

ET 

Ti-15-3 

SiC 

231 



116(19) 

161(30) 

107(26) 


Ti B 2 

206 



114(19) 

148(28) 

106(25) 

Ti 3 A1 

SiC 

216 

mm 

166(23) 

HI1UI 

146(32) 

89(21) 


Ti B 2 

191 

Ha 

150(21) 


133(30) 

88(20) 

NiAl 

SiC 

313 

289 

263(16) 

194(33) 

243(22) 

171(41) 


Ti B 2 

289 

276 

247(15) 

190(31) 

230(20) 

169(39) 
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TABLE VII. - SURVEY OF CANDIDATE COATING MATERIALS 
(REFS. 18, 19, AND 20) 




CTE, 

1/°C 

Mel ti ng 
temperature , 

°C 

E, 

GPa 

El ements 

Al 

2.7 

23.9xl0~ 6 

660 

62 

Ag 

10.5 

25.9 

961 

71 

Au 

19.3 

17.0 

1063 

80 

Be 

1 .8 

18.0 


276 

Graphi te 

1.9 

5.0 

— 

7 

Co 

8.9 

18.5 

1490 

207 

Cr 

7.1 

11.0 

1890 

248 

Cu 

8.9 

21.5 

1083 

117 

Dy 

8.5 

12.3 

1407 

63 

Fe 

7.9 

12.0 

1535 

200 

Gd 

7.9 

10.0 

1312 

57 

Hf 

12.1 

6.0 

2200 

138 

Ir 

22.4 

7.9 

2400 

524 

Mn 

7.2 

50.7 

1260 

159 

Mo 

10.2 

5.8 

2620 

317 

Nb 

8.6 

8.0 

2410 

103 

Nd 

6.9 

9.0 

840 

38 

Ni 

9.2 

17.1 

1455 

221 

Os 

22.4 

5.6 

2700 

558 

Pd 

12.0 

14.0 

1555 

112 

Pt 

21.4 

10.5 

1780 

147 

Re 

21.0 

6.9 

3130 

460 

Rh 

12.5 

10.8 

1965 

241 

Si 

2.3 


1430 

no 

Ta 

16.8 

7.1 

3000 

186 

Ti 

4.5 

10.6 

1750 

107 

V 

6.0 

10.7 

1735 

124 

W 

19.3 

4.8 

3400 

407 

Zr 



6.4 

5.3 

1830 

94 

Carbi des 

AT 4C3 

3.0 

— 

2800 


b 4 c 

2.5 

5.5xl0 -6 

>3500 

448 

Cr 3 c 2 

6.7 

10.0 

1850 


HfC 

12.7 

6.3 

3887 

425 

NbC 

7.8 

7.1 

3500 

339 

Si c 

3.2 

5.1 

2500 

401 

TiC 

4.9 

8.8 

3160 

439 

WC 

15.7 

4.9 

2870 

668 

Ni tri des 

AIN 

3.3 


2230 

345 

BN* 

2.3 

■waiwi 

2730 

86/34 

Si 3N4 

3.5 

2.9 

1900 


Ti R 

5.2 

9.4 

2945 


Oxides 

Al 0O0 

4.0 


2015 

345 

Be6 ^ 

3.0 

■ 

2520 

314 

FepOo 

5.1 

12.3 

1455 


MgO 

3.6 

13.6 

2800 

250 

TiOo 

— 

8.8 

1920 


MoSi 2 

6.2 

8.5 

2030 

276 

Compounds 

K 

5.9 


1638 

237 


6.1 

21 .8 

1340 

246 

ebjh 

5.1 

11.7 

1500 

75 


‘Anisotropic. 
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TABLE VIII. - SELECTED INTERFACE COATINGS 


[x indicates best coating materials; - indicates possible 
coating materials.] 


CTE:, Ti-15-3 

1/°C 

SiC TiB 2 SiC 


E, < 103 GPa 





c 1 

7 

Gd 

57 

A1 

62 

Dy 

63 

Ag 

71 

TioAl 

75 

Au 

80 

Si 3 N 4 

90 

Zr 

94 

Nb 

103 



Pt 

147 

Mn 

159 

Ta 

186 

Fe 

200 

Co 

207 



TABLE IX. - OPTIMUM INTERFACE CTE FOR 
INTERFACE MATERIALS HAVING 
MODULI > 103 GPa 
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TABLE X. - MAXIMUM MATRIX STRESSES (IN MPa) AT THE INNER RADIUS (r = b) AS A 
FUNCTION OF INTERFACE MODULUS; t/d =0.20 

[Numbers in parentheses indicate percent drop as compared to no interface.] 



G^a 

Matrix 



Ti-15-3 

Ti 3 A l 

NiAl 



Fi ber 



SiC 

TiB 2 

SiC 

Ti B 2 

SiC 

Ti B 2 

(fongi- 

69 

166(22) 

21(25) 

263(19) 

135(21) 

739(33) 

474(35) 

138 

166(22) 

■ami 

263(19) 

135(21) 

740(33) 

475(35) 

tudi nal ) 

207 

166(22) 

■ 

263(19) 

135(21) 

743(33) 

478(35) 

(tangen- 

69 

207(36) 

28(59) 

322(30) 

171(29) 

987(52) 

681(51) 

138 

228(30) 

31(55) 

348(25) 

185(24) 

1199(42) 

823(41) 

tial) 

207 

236(27) 

■uifl 

357(23) 

189(22) 

1280(38) 

875(37) 

°rr 

(radial ) 

69 

-89(36) 

-12(60) 

-138(30) 

-73(29) 

-423(52) 

-292(51) 

138 

-98(30) 

-13(57) 

-149(25) 

-79(23) 

-514(42) 

-353(41) 


207 

-101(28) 

-14(53) 

-153(23) 


-549(38) 

-375(37) 


TABLE XI. - EFFECTIVE STRESS (IN MPa) IN THE MATRIX 
AND INTERFACE FOR VARIOUS COATING MATERIALS IN 
THE SiC/NiAl COMPOSITE SYSTEM 


El ement 

Ik 

CTEj, 

l/°C 

°eff • 
matri x 
(r = b) 

• ? ef f’ 

interface 
(r = a) 

Gd 

57 

lO.OxlO -6 

1554 

662 

Dy 

63 

12.3 

1438 

811 

Au 

80 

17.0 

1163 

1245 

Nb 

103 

8.0 

1904 

664 

Pd 

112 

14,0 

1435 

1294 

Cu 

117 

21.5 

850 

2139 

Pt 

147 

10.5 

1776 

1067 

Ta 

186 

7.1 

2138 

662 

Fe 

huh 

12.0 

1678 

1545 

Co 

m 

18.0 

1052 

2854 


17 























































100 150 200 250 

MATRIX MODULUS, GPa 


300 


Figure 4. - Average distortion energy as a function of matrix 
modulus and Interface thickness, for a m = 8x1 O' 6 1/C, and a 
SIC fiber system. 


i 

1000 

d" 

UT 800 
600 
400 


200 


50 


100 150 200 250 

MATRIX MODULUS, GPa 


300 


Figure 5. - Average distortion energy as a function of matrix 
modulus and Interface thickness, for a m - 12x1 O' 6 1/C, and • 
SIC fiber system. 



MATRIX MODULUS, GPa 

Figure 6. - Average distortion energy as a function of matrix 
modulus and Interface thickness, for a m - 16x1 O' 6 1/C, and 

a SIC fiber system. 
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